Feng W, Ying W-Z, Aaron KJ, Sanders PW. Transforming growth factor-␤ mediates endothelial dysfunction in rats during high salt intake. Am J Physiol Renal Physiol 309: F1018 -F1025, 2015. First published October 7, 2015 doi:10.1152/ajprenal.00328.2015.-Endothelial dysfunction has been shown to be predictive of subsequent cardiovascular events and death. Through a mechanism that is incompletely understood, increased dietary salt intake promotes endothelial dysfunction in healthy, salt-resistant humans. The present study tested the hypothesis that dietary salt-induced transforming growth factor (TGF)-␤ promoted endothelial dysfunction and saltdependent changes in blood pressure (BP). Sprague-Dawley rats that received diets containing 0.3% NaCl [low salt (LS)] or 8.0% NaCl [high salt (HS)] were treated with vehicle or SB-525334, a specific inhibitor of TGF-␤ receptor I/activin receptor-like kinase 5, beginning on day 5. BP was monitored using radiotelemetry in four groups of rats (LS, LS ϩ SB-525334, HS, and HS ϩ SB-525334) for up to 14 days. By day 14 of the study, mean daytime systolic BP and mean pulse pressure of the HS group treated with vehicle was greater than those in the other three groups; mean daytime systolic BP and pulse pressure of the HS ϩ SB-525334 group did not differ from the LS and LS ϩ SB-525334-treated groups. Whereas mean systolic BP, mean diastolic BP, and mean arterial pressure did not differ among the groups on the seventh day of the study, endothelium-dependent vasorelaxation was impaired specifically in the HS group; treatment with the activin receptor-like kinase 5 inhibitor prevented the dietary HS intake-induced increases in phospho-Smad2 (Ser 465/467 ) and NADPH oxidase-4 in endothelial lysates and normalized endothelial function. These findings suggest that HS-induced endothelial dysfunction and the development of salt-dependent increases in BP were related to endothelial TGF-␤ signaling. dietary salt; endothelial dysfunction; endothelium; hypertension; transforming growth factor-␤ DIETARY NaCl (termed "salt" in the present article) content directly impacts endothelial cell function, regulating, for example, the production of nitric oxide (NO) in rodents (4, 6, 26) and humans (1). Increased salt intake induces the formation of an endothelial cell signaling complex that contains proline-rich tyrosine kinase 2, c-Src, and phosphatidylinositol 3-kinase. Phosphatidylinositol 3-kinase is an upstream activator of PKB (Akt), which phosphorylates the endothelial isoform of NO synthase (NOS3) to increase NO production. This signaling cascade also promotes the endothelial cell production of transforming growth factor (TGF)-␤, which has recently been shown to serve an autocrine role in endothelial cell biology during high salt (HS) intake (35). Additional studies have demonstrated a functional interaction between TGF-␤ and NO (33, 35, 38) . However, TGF-␤ also generates ROS through NADPH oxidase (NOX)4 (13, 30), which potentially reduces the bioavailability of NO (30). Thus, a dynamic balance between vascular bioavailable NO and TGF-␤ might exist to regulate the vascular responses to dietary salt intake.
DIETARY NaCl (termed "salt" in the present article) content directly impacts endothelial cell function, regulating, for example, the production of nitric oxide (NO) in rodents (4, 6, 26) and humans (1) . Increased salt intake induces the formation of an endothelial cell signaling complex that contains proline-rich tyrosine kinase 2, c-Src, and phosphatidylinositol 3-kinase. Phosphatidylinositol 3-kinase is an upstream activator of PKB (Akt), which phosphorylates the endothelial isoform of NO synthase (NOS3) to increase NO production. This signaling cascade also promotes the endothelial cell production of transforming growth factor (TGF)-␤, which has recently been shown to serve an autocrine role in endothelial cell biology during high salt (HS) intake (35) . Additional studies have demonstrated a functional interaction between TGF-␤ and NO (33, 35, 38) . However, TGF-␤ also generates ROS through NADPH oxidase (NOX)4 (13, 30) , which potentially reduces the bioavailability of NO (30) . Thus, a dynamic balance between vascular bioavailable NO and TGF-␤ might exist to regulate the vascular responses to dietary salt intake.
Endothelial dysfunction (ED), defined as a reduction in arterial endothelium-dependent vasodilation, has been shown to be predictive of subsequent cardiovascular events and death (3, 21, 32) . While a number of underlying pathogenetic processes may produce ED, attention has focused on the potential role that a diet high in salt content may play in this process. Recent studies have clearly demonstrated that 7 days on a HS diet impaired forearm endothelium-dependent vasodilation independently of blood pressure (BP) and serum Na ϩ concentration; however, endothelium-independent vasodilation did not change (7, 10) . These findings highlight the need to define the underlying molecular mechanisms by which dietary salt intake affects endothelial cell biology. The hypothesis tested in the present study was that dietary salt-induced TGF-␤ directly promotes ED and increases salt-dependent effects on BP.
MATERIALS AND METHODS
Animal and tissue preparation. The present study was performed in accordance with recommendations in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committee of the University of Alabama at Birmingham approved the project. Experiments were conducted using 1.5-mo-old male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN).
Rats were housed under standard conditions and given a 0.3% NaCl diet [low-salt (LS) diet, AIN-76A with 0.3% NaCl, Dyets, Bethlehem, PA] and water ad libitum for 4 days before initiation of the study. Rats received diets containing either 0.3% NaCl or 8.0% NaCl (HS diet; AIN-76A with 8.0% NaCl, Dyets). At day 5 of the experiment, vehicle or 6-[2-tert-butyl-5-(6-methyl-pyridin-2-yl)-1H-imidazol-4-yl]-quinoxaline (SB-525334; Selleck Chemicals, Houston, TX), which is a specific inhibitor of the kinase activity of TGF-␤ receptor I/activin receptorlike kinase (ALK)5, was added to the drinking water to achieve a dose of 10 mg·kg Ϫ1 ·day Ϫ1 . SB-525334 prevented renal fibrosis in vivo in puromycin-induced nephritis (11, 17, 20) and has previously been used at this dose to demonstrate a functional role for TGF-␤ signaling in endothelial function (36) .
Four groups of rats were studied. The first group of rats received the 0.3% NaCl diet and vehicle (LS group), the second group of rats received the 0.3% NaCl diet and SB-525334 (LS ϩ SB-525334), the third group of rats received 8.0% NaCl and vehicle (HS group), and the fourth group of rats received 8.0% NaCl and SB-525334 (HS ϩ SB-525334 group). On the seventh day of the study, rats were anesthetized with 2% isoflurane. Aortae were harvested under sterile conditions, and aortic endothelial cell lysates were obtained as previ-ously described (34) . Blood was collected for determination of serum electrolytes.
Radiotelemetry measurement of BP. Implantable transmitters (TA11PA-C40, Data Sciences, St. Paul, MN) were used to record awake, unrestrained BP continuously. Rats were anesthetized, and right femoral arteries were isolated with a ventral incision. The catheter of the telemetry probe was inserted into the artery. Through the same ventral incision, a pocket along the right flank was formed, and the body of the transmitter slipped into the pocket and secured with tissue adhesive. The ventral incision was then closed. In these experiments, rats were allowed 7 days on the 0.3% NaCl diet to recover before initiation of the experiments and determination of BP. Systolic BP (SBP) and diastolic BP (DBP) were monitored in 24-h periods twice weekly for 14 days. Using Dataquest ART (Data Sciences), daytime BP was recorded as the average of BP from 6 AM to 6 PM and nighttime BP was recorded as the average of BP from 6 PM to 6 AM.
Endothelial function. On day 7 of the study, which included treatment on the last 2 days with either vehicle or SB-525334, thoracic aortae were removed and placed in cold Krebs-Ringer buffer (KRB). The aorta was carefully cut into 3-mm rings, which were subsequently mounted in a myograph chamber (DMT, Aarhus, Denmark) filled with 5 ml KRB, maintained at 37°C, and continuously aerated with 95% O 2-5% CO2. Aortic ring preparations were equilibrated for 30 min and depolarized with high-K ϩ KRB (60 mM KCl in KRB solution). After a 30-min washout period, the experiment for a cumulative concentration-response curve to phenylephrine (Phe; 0.001-10 M) was performed. After a second 30-min washout period, aortic rings were contracted with Phe (0.1-10 M); the ability to maintain a sustained contraction was observed in all experimental groups. Endothelium-dependent relaxation was performed by constructing a concentration-response curve to ACh (0.001-100 M).
Endothelium-independent relaxation was tested using the NO donor sodium nitroprusside (0.001-10 M). In separate experiments, to determine if the effects were dependent on NO, aortic rings were preincubated for 30 min with the NOS blocker N -nitro-L-arginine methyl ester (L-NAME; 100 M) before the ACh treatment.
Western blot analyses. At the end of the experiment, the aorta was opened and endothelial cells were harvested in standard fashion (35) ; cell lysates were produced using modified radioimmunoprecipitation assay buffer containing 10 mmol/l Tris·HCl (pH 7.4), 100 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l EGTA, 0.5% sodium deoxycholate, 1% Triton X-100, 10% glycerol, 0.1% SDS, 20 mmol/l sodium pyrophosphate, 2 mmol/l Na 3VO4, 1 mmol/l NaF, 1 mmol/l PMSF, and a protease inhibitor cocktail (Complete, EDTA-free, Roche Applied Science, Indianapolis, IN). Total protein concentration was determined using a kit (BCA Protein Assay Reagent Kit, Thermo Fisher Scientific Pierce Protein Research Products, Rockford, IL), and samples were processed for Western blot analysis. Protein extracts (10 -60 g) were boiled for 3 min in Laemmli buffer and separated by 10% SDS-PAGE (Bio-Rad Laboratories, Hercules, CA) before electrophoretic transfer onto polyvinylidene difluoride membranes. Membranes were blocked in 5% nonfat milk and then probed with antibodies (diluted 1:1,000) that recognized specifically phosphoSmad2 (Ser 465/467 ) (Cell Signaling, Danvers, MA), total Smad2/3 (EMD Millipore, Billerica, MA), NOX4 (a kind gift from Dr. J. David Lambeth, Emory University School of Medicine) (14) , and GAPDH (1:10,000 dilution, Abcam, Cambridge, MA). Density of the bands was quantified using an Odyssey CLx Imager system and Image Studio 4 software (Li-COR Biotechnology, Lincoln, NE).
Statistical analyses. Data are expressed as means Ϯ SE. To analyze BP responses to dietary salt intake (LS or HS) and ALK5 inhibition (treatment with vehicle or SB-525334), a repeatedmeasures analysis using linear mixed models was used (Proc Glimmix). Holm-Tukey's adjustment for multiple comparisons of the group by timepoint simple effects was used in post hoc analyses. For the remaining data, two-way ANOVA was performed using dietary salt intake (LS or HS) and ALK5 inhibition (treatment with vehicle or SB-525334) as independent variables. If the difference in mean values among the different levels of dietary salt intake was greater than what would be expected by chance, all pairwise multiple-comparison post hoc testing (Tukey's honestly significant difference test) was performed (Proc GLM). SAS 9.4 (Cary, NC) was used for the statistical analyses, and P values of Յ0.05 were assigned statistical significance.
RESULTS
Increased dietary salt intake elevated SBP by day 14 of the study but was prevented by ALK5 inhibition. Mean body weights and mean concentrations of serum electrolytes (Na ϩ , K ϩ , and Cl Ϫ ), which were determined on day 14 in a subset (n ϭ 3 animals/group) of the total animals in the study, did not differ among the four groups of rats (Table 1) . BP was monitored using radiotelemetry in the four groups of rats (LS, LS ϩ SB-525334, HS, and HS ϩ SB-525334) for 14 days. Differences in BP responses among the groups under study emerged over the experimental time period (Fig. 1) . Compared with BP parameters of rats in the HS group at day 14, rats in the LS group had a lower mean daytime SBP (125.7 Ϯ 1.2 vs. 133.6 Ϯ 1.2 mmHg, P ϭ 0.0038), daytime mean arterial pressure (MAP; 103.8 Ϯ 1 vs. 109.6 Ϯ 1.3 mmHg, P ϭ 0.023), daytime pulse pressure (PP; 41.1 Ϯ 1.2 vs. 44.8 Ϯ 0.7 mmHg, P ϭ 0.0543), and nighttime PP (40.2 Ϯ 1.3 vs. 44.6 Ϯ 0.9 mmHg, P ϭ 0.0364) and higher nighttime average heart rates (439.1 Ϯ 6.5 vs. 404 Ϯ 5.7 beats/min, P ϭ 0.0023).
By day 14 of the experimental time period, compared with BP parameters of rats in the HS group, rats in the HS ϩ SB-525334 group had lower mean daytime SBP (127.7 Ϯ 1.2 vs. 133.6 Ϯ 1.2 mmHg, P ϭ 0.0477) and did not differ from rats in the LS ϩ SB-525334 group (127.7 Ϯ 1.2 vs. 124.1 Ϯ 2.4 mmHg, P ϭ 0.4049) or rats in the LS group (127.7 Ϯ 1.2 vs. 125.7 Ϯ 1.2 mmHg, P ϭ 0.7978). Rats in the HS ϩ SB-525334 group also had lower mean daytime MAP (106.9 Ϯ 1.1 vs. 109.6 Ϯ 1.3 mmHg, P ϭ 0.0288), mean daytime PP (37.8 Ϯ 0.8 vs. 44.8 Ϯ 0.7 mmHg, P ϭ 0.0003), and nighttime PP (38.3 Ϯ 0.7 vs. 44.6 Ϯ 0.9 mmHg, P ϭ 0.003) compared with rats in the HS group. These parameters did not differ with those observed in rats in the LS group or rats in the LS ϩ SB-525334 group. Values are means Ϯ SE; n ϭ 9 rats/group. LS, low-salt diet; HS, high-salt diet.
Representative tracings of SBP and DBP throughout 24 h of four rats in the LS, LS ϩ SB-525334, HS, and HS ϩ SB-525334 groups are shown in Fig. 2 . BP increased during the nighttime period in each animal in every group and was consistent with an intact circadian rhythm of a nocturnal animal. At day 14, the differences between daytime and nighttime BP, termed ⌬SBP (LS group: 6.2 Ϯ 0.7 mmHg, LS ϩ SB-525334 group: 6.2 Ϯ 0.9 mmHg, HS group: 6.4 Ϯ 1.6 mmHg, and HS ϩ SB-525334 group: 5.4 Ϯ 1.0 mmHg) and ⌬DBP (LS group: 7.2 Ϯ 0.5 mmHg, LS ϩ SB-525334 group: 6.1 Ϯ 0.4 mmHg, HS group: 6.7 Ϯ 1.6 mmHg, and HS ϩ SB-525334 group: 5.7 Ϯ 2.1 mmHg), did not differ among the groups, indicating that the circadian rhythm was not affected by dietary salt intake or by treatment with the ALK5 inhibitor. In addition, the mean times at which the animals manifested nighttime peak SBP and peak DBP and daytime trough SBP and trough DBP did not differ among the four groups at day 14 of the study (data not shown). Sprague-Dawley rats on the HS (8% NaCl) diet, SBP, diastolic blood pressure (DBP), and mean arterial pressure (MAP) during week 1 did not differ from rats on the lowsalt (LS; 0.3% NaCl) diet. By the end of the second week, however, the HS diet increased daytime SBP, MAP, and both daytime and nighttime PP. ALK5 inhibition normalized these BP responses to the HS diet. Data are presented as means Ϯ SE; n ϭ 9 animals/group.
Increased dietary salt intake impaired endothelium-dependent relaxation but was prevented by ALK5 inhibition.
Because mean SBP, DBP, and MAP did not differ among the four groups at day 7, tests of endothelial function were performed at that time. Endothelium-dependent vasorelaxation was impaired specifically in the HS group; treatment with SB-525334 normalized this effect (Fig. 3) . L-NAME pretreatment completely abolished the ACh-induced relaxation among the four groups of rats. Endothelium-independent vasorelaxation, as assessed by the addition of sodium nitroprusside, did not differ among the four groups. In addition, the contractile responses of the aortae to Phe did not differ among the four groups of rats (Fig. 3) .
Increased dietary salt intake increased endothelial phosphoSmad2 (Ser 465/467 ) and NOX4. Aortic endothelial cell lysates obtained from the four groups of rats on day 7 of the experiment demonstrated activation of ALK5 by HS intake as well as the anticipated inhibition of ALK5 by SB-525334 (Fig. 4A) . As a consequence, an increase in dietary salt intake increased phospho-Smad2 (Ser 465/467 ) in endothelial lysates; this increase was also inhibited by treatment with SB-525334 (Fig. 4B) . Total Smad2/3 levels did not change.
The findings further showed a stimulatory effect of dietary salt intake and an inhibitory effect of treatment with SB-525334 on endothelial NOX4 levels, indicating the involvement of ALK5 in the salt-induced increase in NOX4 (Fig. 4C) .
DISCUSSION
A previous study (37) has shown that dietary salt modulated the endothelial production of TGF-␤ and NO through a common signaling pathway, but these mediators may produce countervailing influences on vascular function. To define the dynamic functional significance of these molecular changes during HS diet intake, the present study demonstrated that 14 days on a HS diet increased SBP and PP. Importantly, the present study clearly demonstrated that treatment with the ALK5 inhibitor prevented this elevation in SBP and PP. Furthermore, ALK5 inhibition also prevented salt-induced phosphorylation of Smad2 and increases in NOX4 and reversed the ED observed before the development of the increase in BP. The observation that dietary salt intake promoted ED in the absence of changes in BP was consistent with prior findings reported by Durand et al (8) and Raffai et al. (24) and with recent reports (7, 10) in which high dietary Na ϩ intake impaired endothelium-dependent vasodilation independently of BP in healthy adults. The potential limitation of using anesthetized BP recordings to show an absence of effect of salt intake in Sprague-Dawley rats (8, 37) was corrected in the present study by the use of telemetry monitoring and extending the experimental period for 2 wk. Thus, the findings supported a role for the inhibition of an endothelial TGF-␤ signaling pathway in the prevention of dietary salt-mediated ED and salt-dependent increases in BP observed with careful monitoring of BP.
An increase in ROS in response to HS intake has been shown to play an important role in reducing endotheliumdependent dilation in humans (10), mice (23) , and rats (24) . Using a model similar to that used in the present study, previous studies have demonstrated that a HS diet promoted ED in middle cerebral arteries (8) and mesenteric arteries Fig. 3 . HS intake impaired endothelium-dependent relaxation and transforming growth factor (TGF)-␤ receptor inhibition normalizes HS-induced endothelial dysfunction in Sprague-Dawley rats. Rats were fed with a LS or HS diet for 7 days and received either Veh or the ALK5 inhibitor SB beginning on day 5. Vascular responses were tested using aortae from the four groups of rats. A, left: contractile responses of aortic ring preparations to phenylephrine (Phe) did not differ among the four groups. Right, pEC50 values derived from the cumulative concentration-response curves did not differ among the four groups of rats in the study. B: cumulative concentration-response curves (left) were generated using ACh (0.001-10 M) and used to calculate pEC50 values (right). HS intake significantly impaired endothelium-dependent relaxation, and ALK5 inhibition normalized this effect. Data are presented as means Ϯ SE; n ϭ 9 rats/group. *P Ͻ 0.05 vs. the HS SB group. C, left: pretreatment of ring preparations with N -nitro-L-arginine methyl ester (L-NAME) completely abolished ACh-dependent vasorelaxation. Right, responses of aortic ring preparations to sodium nitroprusside (SNP) did not differ among the four groups of rats. (24) . These studies further showed an increase in vascular ROS (24) . Stimulation of the G protein-coupled receptor, Mas, by infusion of either ANG-(1-7) or AVE-0991, corrected salt-induced ED (8, 24) . While these studies did not demonstrate the cellular mechanism of improvement in ED, Sampaio et al. (25) showed that Mas receptor activation increased endothelial NO production by activating NOS3 through posttranslational modifications (serine and threonine phosphorylation).
The present study also found that HS intake promoted an ALK5-dependent increase in endothelial NOX4. These data are consistent with Thannickal et al. (30) , who found that TGF-␤ 1 increased production of H 2 O 2 and reduced cellular glutathione stores in endothelial cells. These investigators further demonstrated that the TGF-␤1-induced increases in H 2 O 2 were dependent on activation of ALK5 and the Smad2/3 pathway, which increased the activity of NOX4 (13) . Additionally, the findings were consistent with Yan et al. (31) , who also showed a TGF-␤-mediated induction of NOX4 in the endothelium, and Boulden et al. (2) , who demonstrated that H 2 O 2 , which is the principal product of constitutively active NOX4 (22) , promoted ED by decreasing tetrahydrobiopterin and bioavailable NO. By demonstrating that ED developed during HS intake through the activation of ALK5 and the Smad2 pathway, our results suggested the pathophysiological significance of this TGF-␤-dependent mechanism in the alteration of endothelial function.
Previous studies have suggested a role for TGF-␤ in the development of hypertension. For example, genetic disruption of elastin microfibril interfacer 1, which is involved in the vascular regulation of TGF-␤, promoted the development of arterial hypertension by increasing the activity of TGF-␤ (39). Terrell and colleagues (29) administered recombinant human TGF-␤ 2 at varying doses (20, 100, and 400 g/kg) chronically to rats and rabbits. They observed that after 9 wk, TGF-␤ 2 caused modest increases in SBP; however, renal hemodynamic end points were not significantly altered. Proteinuria and minimal tubular interstitial fibrosis developed after 6 wk of dosing at the high dose (400 g/kg) (16) . Using dietary salt intake as the stimulus for the vascular production of TGF-␤, radiotelemetry monitoring of BP identified subtle but significant increases in SBP after 2 wk. Because the increase in BP was abrogated by the addition of the ALK5 inhibitor, the present findings are consistent with a role for this growth factor in the development of salt-dependent increases in BP.
Recent Framingham data have shown that large artery ED antedated the development of hypertension (15) . This central pathophysiological link has been implicated in the initiation of increased arterial stiffness, hypertension, ath- ) to levels observed in LS-treated rats. The graph represents a summary of the findings. B: HS diet increased Smad2 phosphorylation by ϳ2-fold compared with the LS group, and ALK5 inhibition prevented the salt-induced increases in Smad2 phosphorylation. The graph represents a summary of the findings. C: Western blots using endothelial lysates from rats on day 7 of the study showed that NADPH oxidase (NOX)4 levels increased specifically in the endothelium of rats on the HS diet. The graph represents a summary of the findings. The band at ϳ80 kDa is also NOX4 (14) but was not included in the quantified results shown in the graph. ALK5 inhibition completely abolished this salt-induced response. D: the cartoon depicts a summary of the Western blot data. All data are presented as means Ϯ SE; n ϭ 4 rats/ group. *P Ͻ 0.05 vs. LS, LS SB, and HS SB groups.
erosclerosis, chronic kidney disease, restenosis after percutaneous coronary intervention, and stenosis of venous bypasses of coronary arteries (5, 9, 12, 18, 27, 28) . Dietary salt intake promotes a dose-dependent decrease in survival in rats, related to the acceleration of cardiovascular and renal disease as salt intake exceeds 2% (19) . The present study unveils the role of TGF-␤ in this complex interaction of the endothelium with dietary salt intake and improves understanding of the mechanism of ED in the development of hypertension.
In summary, the findings demonstrated the dynamic function of the endothelium and subsequent changes in BP that occurred during HS intake. Our results showed that saltinduced ED preceded changes in BP and further identified TGF-␤ as the upstream mechanism of salt-induced ED. While the cellular events that modulate bioavailable NO are complicated, the present study supports the involvement of endothelial ALK5 activation and Smad2 signaling in saltinduced ED.
